In the present study, we investigated the antifungal activity and cytotoxicity of a novel membrane-active peptide, KKVVFKVKFKK (MP). MP inhibited the growth of various pathogenic fungi isolated from patients and of fluconazole-resistant fungi at concentrations of 2 to 32 g/ml. MP had potent fungicidal activity; the minimal fungicidal concentrations of the peptide were no more than fourfold greater than the MICs. Time course experiments of MP-induced killing of Candida albicans ATCC 36232 showed that the rate of killing was rapid and depended on the concentration of MP. MP had a strong synergism with other antifungal drugs; the fractional inhibitory concentration index values of MP with amphotericin B and fluconazole for C. albicans were 0.16 and 0.02, respectively. The 50% inhibitory concentrations of MP for NIH 3T3 and Jurkat cells were approximately 100 times higher than the MIC for C. albicans ATCC 36232, indicating that MP had high selectivity between the fungal and mammalian cells. These results suggest that MP has great advantages in the development of antifungal agents.
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The incidence of fungal infections has increased dramatically in the past 20 years because of the increase in the number of people whose immune systems are compromised by AIDS, aging, organ transplantation, or cancer therapy (2, 6) . Most of the current antifungal drugs, such as fluconazole, simply reduce the growth of fungi. Amphotericin B is a potent fungicidal agent, but it is very toxic to the kidney and to the hematopoietic and central nervous systems (1, 16) . The development of resistant fungal strains in response to the widespread use of current antifungal drugs will cause serious problems in the future (11) . The recent emergence of fungal infections and resistant strains has stimulated the development of antifungal drugs with different mechanisms (4, 12, 22) .
In the past few years, host defense molecules have been isolated from a variety of natural sources (3, 5, 7, 18) . Interestingly, these molecules are small peptides or proteins, some of which have antibacterial and antifungal activities (3, 13, 20, 23) . The mode of action of these peptides is related to an increase in membrane permeability and to the disruption of the structure of cell membrane. These peptides have received attention because of their mechanism of perturbing the membrane of the pathogen; however, native defense peptides themselves cannot be used as therapeutic agents because of their low level of activity and poor bioavailabilities.
In a previous study, we designed novel combinatorial libraries consisting of simplified amino acid sequences to screen for a peptide active against Candida albicans membrane (14) . A novel decapeptide named KSL, KKVVFKVKFK, which was active against C. albicans and bacteria, was identified in that study (14) . Recently, we developed a depsipeptide named MP, KKVVFKVKFKK, that had more potent activity against C. albicans than KSL; we accomplished this by the addition of lysine residue at the C-terminal end of KSL. (The analogs of a membrane-active decapeptide named KSL, KKVVFKVKFK, were synthesized and their characteristics were studied. The depsipeptide, named MP, KKVVFKVKFKK, which was devel-oped by the addition of lysine residue at the C-terminal end of KSL, also acted on the lipid membrane of microorganisms and had more potent activity against C. albicans than did KSL [15] ). In the present study the antifungal activity and cytotoxicity of MP were intensively studied. The antifungal activity of the peptide against various pathogenic fungi isolated from patients and fluconazole-resistant fungi, its synergism with other antifungal drugs, the rate of fungicidal activity, and its cytotoxicity against mammalian cell were all measured.
MP irreversibly inhibited the growth of various pathogenic and fluconazole-resistant fungi, but it had low cytotoxicity against mammalian cells. The rate of fungicidal activity of MP was rapid and concentration dependent. MP had a strong synergism with other antifungal drugs; the addition of MP increased the activity of fluconazole and amphotericin B against C. albicans by more than 312-and 62.5-fold, respectively, whereas the addition of MP did not increase the hemolytic activity of amphotericin B. These results suggest that MP has great potential for the development of a novel antifungal drug.
MATERIALS AND METHODS

Synthesis of peptides.
Individual peptides were synthesized on Rink amide methylbenzhydrylamine resin (PerSeptive Biosystem GmbH, Hamburg, Germany) by using 9-fluorenylmethoxycarbonyl chemistry (9, 10, 17) with a 431A automatic peptide synthesizer (Applied Biosystems, Foster City, Calif.). Cleavage of the peptide from the resin was achieved by treatment with a mixture of trifluoroacetic acid (TFA)-thioanisole-ethanedithiol-H 2 O in a ratio of 80:5:2.5:5 (vol/vol) at room temperature for 12 h. After filtration of the resin and a washing with TFA, a gentle stream of nitrogen was used to remove the excess TFA. The crude peptide was triturated with diethyl ether chilled at Ϫ20°C and then centrifuged at 3,000 ϫ g for 10 min. The peptide was purified by high-performance liquid chromatography with a Waters Delta Pak C 18 column (25 by 100 mm; Waters, Milford, Mass.). Amino acid analysis and electrospray mass spectrometry on a Platform II spectrometer (Fisons Instruments, Manchester, United Kingdom) were used to characterize the purified peptide.
Antifungal assay. In vitro antifungal assays were performed by the broth microdilution method according to the recommendation of the National Committee for Clinical Laboratory Standards (21) . RPMI 1640 (Gibco BRL, Gaithersburg, Md.) was used as the assay medium. Candida cells freshly grown on slopes of Sabouraud dextrose agar (logarithmic phase) were suspended in physiological saline, and the cell concentration was adjusted to 10 4 cells per 1 ml of 2ϫ-concentrated medium for use as the inoculum. Peptide solution was added to the wells of a 96-well plate (100 l per well) and serially diluted twofold. The final concentrations of peptide mixtures ranged from 0.2 to 500 g/ml. After inoculation (100 l per well, 5 ϫ 10 3 cells per ml), the 96-well plate was incubated at 30°C for 48 h, and the absorbance was measured at 620 nm by using an enzyme-linked immunosorbent assay reader (SLT, Salzburg, Austria) to assess cell growth. The MIC was defined as the lowest concentration exhibiting no visible growth compared with the control cell. To measure the minimal fungicidal concentration (MFC), 100 l of cell suspension was taken from each well, centrifuged, and washed three times with fresh Sabouraud broth. Then, each cell suspension was vortexed vigorously for 10 s, plated on a Sabouraud dextrose agar plate, and incubated at 30°C for 48 h. Fungal cells were then enumerated. The MFC was defined as the lowest concentration of the peptide in which no growth occurred.
Killing time assay. C. albicans ATCC 36232 grown in RPMI 1640 medium was added to each flask to yield suspensions containing 2 ϫ 10 4 CFU/ml, and then the peptide was added to the flask. The final concentrations of the peptide were 5 and 10 g/ml. The flask contents were mixed and incubated in a water bath at 37°C. Next, 100 l of cell suspension was taken from each flask at known time intervals, centrifuged, and washed three times with fresh RPMI 1640. Each cell suspension was then vortexed vigorously for 10 s, plated onto a Sabouraud dextrose agar plate, and incubated at 30°C for 48 h. The number of viable cells was determined by counting colonies on a Sabouraud dextrose agar plate. Each number of viable cells was determined from three independent experiments.
Cytotoxicity assay. NIH 3T3 cells and Jurkat cells were plated in 96-well plates containing DMEM (Gibco BRL) supplemented with 10% calf serum and RPMI 1640 supplemented with 10% fetal bovine serum, respectively. After 16 h, the peptide solution was added into the wells of the 96-well plates (the final concentrations of peptide mixture ranged from 0.2 to 500 g/ml). The plates were then incubated at 37°C in a CO 2 incubator for 24 h. Next, the cells were stained with trypan blue, and the viable cells were counted. In the case of NIH 3T3 cells, the cells were trypsinized before the staining and counting. Each number of viable cells was determined from three independent experiments performed in duplicate.
Hemolytic assay. The detailed method for hemolytic assay was described elsewhere (8) . Packed mouse erythrocytes were washed three times with buffer (150 mM KCl, 5 mM Tris-HCl, pH 7.4), and then packed erythrocytes were suspended in 10 volumes of the same buffer (stock cell suspension). For antibiotic treatment, the cell stock suspension was diluted 25-fold with the same buffer and preincubated in the water bath at 37°C for 15 min, and then the test sample was added. After incubation for 1 h, the sample was centrifuged at 4,000 ϫ g for 5 min, and the absorbance of the supernatant was determined at 540 nm. Hemolysis effected by 0.1% Triton X-100 was considered to be 100%.
RESULTS
Antifungal activity of MP and its D-enantiomer, D-MP. The
MICs and MFCs of MP and its D-enantiomer (D-MP) for various pathogenic fungi isolated from patients were determined by the fungal testing laboratory at the University of Texas Health Science Center at San Antonio. As revealed in Table 1 , MP inhibited the growth of Candida spp., Cryptococcus spp., and Histoplasma spp. at concentrations ranging from 2 to 32 g/ml but did not inhibit Aspergillus spp. at up to 32 g/ml. This peptide had fungicidal activity against Candida spp., Cryptococcus spp., and Histoplasma spp. at concentrations ranging from 2 to 32 g/ml. D-MP had an activity similar to that of MP against pathogenic fungi except for Coccidioides immitis. D-MP was much more active than MP against C. immitis; the MIC range of D-MP for C. immitis was 4 to 8 g/ml, while that of MP was more than 32 g/ml. We also measured the activity of MP and D-MP against current-drug-resistant C. albicans and Candida krusei. As shown in Table 2 , the activity of fluconazole against C. krusei ATCC 200917 was decreased by more than 30-fold, while the MIC of peptides for the fluconazole-resistant Candida strains was not changed.
Killing time assay. As shown in Fig. 1 , 50% of C. albicans cells were killed after 100 min of incubation with 5 g of MP per ml. As the concentration of peptide was increased, the rate of killing was increased. A total of 50% of the cells were killed after 60 min of exposure to 10 g of MP per ml. This result indicated that the killing of C. albicans by MP was rapid and concentration dependent. Table 3 , the fractional inhibitory concentration index (FIC) values of MP and D-MP for fluconazole and amphotericin B against C. albicans ATCC 36232 were calculated to be ca. 0.02 and 0.16, respectively, indicating that MP had stronger synergism with fluconazole than with amphotericin B against C. albicans. MP and D-MP also had a strong synergism with amphotericin B against C. krusei (FIC index ϭ 0.25), but MP had no synergism with fluconazole against C. krusei.
Cytotoxicity assay. The cytotoxic activity of MP against mammalian cells was measured. As shown in Fig. 2 , MP did not show cytotoxicity against NIH 3T3 cells and Jurkat cells at concentrations of up to 125 g/ml. The 50% inhibitory concentrations (IC 50 s) of MP for NIH 3T3 and Jurkat cells were ca. 540 and 300 g/ml, respectively. The IC 50 s were approximately 100 times higher than the MICs for C. albicans ATCC 36232. Figure 3 shows the level of lysis of the mouse erythrocytes as a function of the concentrations of MP, melittin, and amphotericin B. Amphotericin B and melittin used as a positive control caused 100% lysis at a concentration greater than 10 g/ml, whereas MP did not show hemolytic activity at a concentration of up to 500 g/ml. The concentration causing 50% hemolysis for MP was approximately 600 times higher than the MIC for C. albicans ATCC 36232. These results indicated that MP has a high degree of selectivity for fungal rather than mammalian cells.
DISCUSSION
In this work, we studied the antifungal activity and the cytotoxicity of a novel membrane-active peptide. MP and D-MP had a broad range of activities against various pathogenic fungi, including Candida spp., Cryptococcus spp., and Histoplasma spp., isolated from patients. The MICs and MFCs of D-MP were similar to those of MP, which confirmed that the major target of the peptide is the membrane of the cell and that the peptide does not form a tight interaction with chiral receptors or enzymes or with the chiral components of the lipid membrane. Interestingly, D-MP was much more active than MP against C. immitis. This difference in activity must be due to the difference in stability between MP and D-MP, because D-MP, consisting of D-amino acids, is more resistant to the protease secreted by fungi than is MP. The fact that MP also had a potent activity against the fluconazole-resistant Candida strains indicated that the peptide has a different mode of action from that of fluconazole.
The peptide had a strong synergism with fluconazole for C. albicans ATCC 36232; however, it had no synergism with fluconazole for fluconazole-resistant C. krusei ATCC 200917. The The primary target of fluconazole is the enzyme involved in ergosterol synthesis in the cytoplasm. Since MP perturbs the membrane of the target cell, MP can increase the influx of fluconazole into the cytoplasm of the cell, resulting in the decrease in the MIC 80 of fluconazole for C. albicans ATCC 36232. Studies of fluconazole resistance in C. krusei showed that the target enzyme of fluconazole in the resistant C. krusei strain was altered by point mutation and that fluconazole was not susceptible to the target enzyme any longer (19) . Therefore, in the case of fluconazole-resistant C. krusei, the increased influx of fluconazole caused by MP did not increase the activity. We expected that MP had an additive effect with amphotericin B since amphotericin B, like MP, killed microorganisms through the action on the membrane as its primary target. However, interestingly, MP had a strong synergism with amphotericin B against C. albicans and C. krusei. It is possible that perturbation of the fungal membrane by MP may help the binding of amphotericin B to ergosterol and/or the formation of pores of amphotericin B. Further study is currently under way to elucidate the mechanism for the synergic effect of MP with amphotericin B. We also studied the effect of the addition of MP on the hemolytic activity of amphotericin B because amphotericin B had potent cytotoxicity against mammalian erythrocytes. Interestingly, MP did not demonstrate synergism with amphotericin B against mammalian erythrocytes. The current drug of choice for most cases of systemic mycosis is still amphotericin B, but its use is restricted by its toxicity for the kidney and for the hematopoietic and central nervous systems. The strong synergism of MP with amphotericin B suggests that the combination of amphotericin B with MP would permit a reduction in the dosage of amphotericin B needed to kill the fungi. This study shows that MP has many potential advantages as a candidate for antifungal agents. First, MP shows fungicidal activity against pathogenic and resistant fungi and a fast killing rate but low cytotoxicity for mammalian cells. Second, MP shows strong synergism with fluconazole and amphotericin B. On the basis of these results, we suggest that this peptide can be a lead compound for the development of novel antifungal drugs.
